mittently interrupted ischemia of the myocardium is inevitable during cardiac surgery. In these circumstances, repeated applications of cardioplegic solution (secondary cardioplegia) are essential to reduce perioperative myocardial damage during prolonged procedures.3 Repeated brief periods of coronary occlusion in canine hearts caused less cumulative deterioration of regional function and high-energy phosphate conSee p 652 tents compared with hearts in which coronary blood flow was restored after a single occlusion of the same total duration.4-7 It is important to understand the mechanisms of this protective effect so procedures can be formulated to enhance the preservation of myocardial function after procedures that involve recurrent ischemia. The possible mechanisms of protection are reestablishment of aerobic metabolism with restoration
mittently interrupted ischemia of the myocardium is inevitable during cardiac surgery. In these circumstances, repeated applications of cardioplegic solution (secondary cardioplegia) are essential to reduce perioperative myocardial damage during prolonged procedures. 3 Repeated brief periods of coronary occlusion in canine hearts caused less cumulative deterioration of regional function and high-energy phosphate conSee p 652 tents compared with hearts in which coronary blood flow was restored after a single occlusion of the same total duration. [4] [5] [6] [7] It is important to understand the mechanisms of this protective effect so procedures can be formulated to enhance the preservation of myocardial function after procedures that involve recurrent ischemia. The possible mechanisms of protection are reestablishment of aerobic metabolism with restoration of high-energy phosphates by delivery of oxygen and substrates and washout of harmful metabolic products that accumulated during ischemia.
Although many possible mediators of lethal myocardial injury have been proposed, excessive accumulation of Ca2' is one of the most likely mediators.8-1 We and others suggested that uptake of extracellular Ca'+ through Na+-Ca2+ exchange in response to increased intracellular Na+ (Na,) that accumulated during ischemia is likely to be an important mechanism.'2-' 4 The present study was designed to test the hypothesis that intermittent perfusion can prevent Nai accumulation and result in restraint of Ca>2 overload and improvement of functional recovery by resumption of energy metabolism or washout of metabolic products.
Methods
Male Sprague-Dawley rats weighing between 300 and 350 g were anesthetized with an intraperitoneal injection of sodium pentobarbital (40 mg/kg Internittent perfusion in globally ischemic hearts.
After an initial 20-minute equilibration period, two, three, or four 10-minute episodes of zero-flow ischemia were interrupted by 3-minute periods of intermittent perfusion (Table 1, protocols 3-7) . Several kinds of perfusate were used during intermittent perfusion: 1) oxygen-deficient perfusate gassed with 95% N2-5% CO2, 2) substrate-free perfusate in which glucose and pyruvate were replaced by sucrose, and 3) K'-free buffer in which potassium chloride and KH2P04 were replaced by the same concentrations of choline chloride and NaH2P04, respectively. To assess the direct effects of oxygen, substrate, or K' during intermittent perfusion on function, metabolites, and ion contents, perfusion of hearts for 70 minutes with oxygenated buffer was interrupted by three 3-minute episodes of intermittent perfusion with hypoxemic, hypoxemic nosubstrate, or oxygenated no-K buffer at 10-minute intervals during the first 40 minutes of oxygenated perfusion after 20 minutes of the equilibration period (Table 1 , protocol 1). The period of intermittent perfusion was followed by 30 minutes of oxygenated perfusion. Reperfusion buffer was Krebs-Henseleit bicarbonate buffer containing glucose and pyruvate in all hearts. In these experimental protocols, hearts were not paced because effects of electrical stimulation on metabolism, ionic homeostasis, or function during intermittent perfusion could be different in control and ischemic hearts.
Analytical Methods
Tissue levels of ATP, total adenine nucleotides (ATP plus ADP plus AMP), creatine phosphate (CP), and lactate were determined at the ends of periods of control perfusion, ischemia, intermittent perfusion, or reperfusion using neutralized perchloric acid (6% wt/vol) extracts and standard enzymatic methods. '6 For estimation of 45Ca' uptake, aliquots of tissue extracts and coronary effluents were used to determine radioactivity by liquid scintillation spectrometry (model LS3801, Beckman Instruments Inc., Irvine, Calif. (=2a) b. 10 minutes of ischemia and one 3-minute episode of hypoxemic, no-K+ intermittent perfusion c. Two 10-minute episodes of ischemia and one 3-minute episode of hypoxemic, no-K' intermittent perfusion*t d. Two 10-minute episodes of ischemia and two 3-minute episodes of hypoxemic, no-K' intermittent perfusion e. Three 10-minute episodes of ischemia and two 3-minute episodes of hypoxemic, no-K' intermittent perfusion*t f. Three 10-minute episodes of ischemia and three 3-minute episodes of hypoxemic, no-K+ intermittent perfusion g. Four 10-minute episodes of ischemia and three 3-minute episodes of hypoxemic, no-K+ intermittent perfusion*t h. Three 10-minute episodes of ischemia and two 3-minute episodes of hypoxemic, no-K' intermittent perfusion followed by 30 minutes of reperfusion i. Four 10-minute episodes of ischemia and three 3-minute episodes of hypoxemic, no-K+ intermittent perfusion followed by 30 minutes of reperfusion Figure 1A ). CP levels declined more rapidly ( Figure 1A ). The level of ATP was less than 20% of the preischemic value after 30 or 40 minutes of sustained ischemia. In ischemic hearts with intermittent perfusion (Table 1, Figure  2B ). Nai also increased during the fourth ischemic episode, and reperfusion 45Ca21 uptake was threefold higher than when substrate was provided (Table 4) .
Effect of Omission of K' During Intermittent Perfusion
Aside from contraction of myocardium, which consumes 70% of aerobic ATP production, a major energy demand results from sarcolemmal ATPases that maintain ion homeostasis.19 Moreover, it has been reported that ATP generated by glycolysis is sufficient to drive the Nat-K' pump because Km for ATP is low in sarcolemmal Na+,K+-ATPase.20, 21 The role of the Na+-K+ pump in maintenance of low Nai during intermittent perfusion was examined by removal of extracellular K' to restrain pump activity ( ,umol/g dry wt) at the end of 70 minutes of oxygenated perfusion, the omission of K' during oxygenated intermittent perfusion depressed recovery of function (Table 1, protocols 6h and 6i, and Table 5A ) and increased Nai (Table 1 , protocols 6c and 6g, and Table 5A ) without further deleterious changes in energy metabolism ( Figure 3A ). When hypoxemic, no-K' buffer was used for three 3-minute periods during the first 40 minutes of oxygenated perfusion ( (Table 1, protocols 6i  and 7i, Table 5B and Figure 3B ). Myocardial 45Ca2' uptake increased during recurrent ischemia by 20-40% in association with elevation of Nai, regardless of whether the buffer was oxygenated (Tables 5A and   5B ), but Ca21 overload was observed only on reperfusion. Examination of the relations among Nai, reperfusion myocardial 45Ca21 uptake, and recovery of function (Figures 4 and 5) revealed that Nai correlated closely with reduced recovery of function ( Figure 4A ) and reperfusion 45Ca2+ uptake ( Figure   4B ). As expected from these relations, there was a close negative correlation between reperfusion 45Ca2+ uptake and recovery of function ( Figure 5A ). The regression line was similar to those obtained in hearts with various durations of sustained ischemia1l and with prolonged low-flow anoxia. 22 In addition, left ventricular end-diastolic pressure increased as 'Ca21 uptake increased ( Figure SB ).
Discussion
Repetitive brief ischemic episodes caused less myocardial damage than did sustained ischemia. Figures 1B, 1C, 2, 3A, and 3B) . Removal of harmful metabolites, such as substrates, for free radical-generating reactions may also be important. If this is the case, multiple transient ischemic episodes would be expected to have cumulative effects; however, a single transient ischemic episode preconditioned the myocardium to the same extent as multiple episodes.28 On the contrary, Murry et al suggested that the protective effect of preconditioning might be mediated by free radical-induced myocardial injury in a blood-perfused regional ischemic model.29
Effects of Energy Preservation on Ion Homeostasis
Preservation of energy stores is essential for many cellular functions and may be another important factor for the protective effect of intermittent perfusion or reperfusion. ATP and total adenine nucleotide levels remained at about 60% and 80%, respectively, of the preischemic values during intermittent perfusion with oxygenated or hypoxemic buffer, but ATP and total adenine nucleotide contents decreased progressively to 20% and 60% of preischemic values, respectively, in hearts subjected to sustained ischemia (Table 1, protocols 2 Figure 2A , and Tables 3A and 3B ). Therefore, the expected increase in Na+ influx was considered to be offset by energy-dependent Na+ efflux through the Na+-K+ pump that was driven by the ATP produced by anaerobic glycolysis.20 In addition, correction of pHi and washout of metabolites could potentiate the activity of the Nat-K+ pump and increase energy production. In support of this, omission of extracellular K+ immediately increased Nai during recurrent ischemia (Table 1, protocols 6 and 7, and Tables 5A and 5B). We also observed that cardiac glycosides restrained the decrease in Nai during early reperfusion when cardiac glycoside was used during the first 10 minutes of reperfusion after 25 minutes of global ischemia.34 Furthermore, an additional large increase in Nai was detected when depletion of ATP was associated with omission of extracellular K' ( Figure  3B and Table 5 ). Possible Importance of Ca2' Entry Through Na4-Ca2' Exchange Excessive Ca24 influx occurred, at least in part, through Na+-Ca2' exchange in response to increased Nai in both hypoxic-reoxygenated39,40 and ischemicreperfusedl2-14,32myocardium. Although Nai increased during ischemia, 45Ca2+ uptake increased to only a small extent or nor at all during ischemia, regardless of the type or its duration (the present study and Reference 13). These observations may be accounted for by the fact that Na4-Ca2' exchange is pH dependent in myocytes and that Ca24 uptake is inhibited under conditions where pH is low.41 In addition, we observed that the increase in 45Ca2+ uptake was not detectable during the first few minutes of reperfusion.13 With a short period of intermittent perfusion, readjustment of pHi through Na+-H+ exchange may not be sufficient to reactivate Na4-Ca2' exchange and cause a large increase in Ca2+ influx before reinitiation of ischemia.33 Disturbance of phosphorylation-dephosphorylation interconversion of the Na4-Ca2+ exchanger by depletion of ATP may also suppress Ca2+ entry through this mechanism.42 In addition, the direction of flux of ions through Na+-Ca24 exchange depends on the membrane potential. The reversal potential is calculated by the equation: VR = (nVNa -2VCa)/(n -2) where n is the Na+-Ca2+ coupling ratio, and VNa and VCa are the equilibrium potentials for Na+ and Ca24, Jsq p
